Early in ontogeny, young rats must be able to detect dangerous stimuli and to exhibit appropriate defensive behaviors. Different nuclei of the amygdala mediate unconditioned and conditioned fear responses to threat in adult rats. The aim of this study was to determine the role of the amygdala in unlearned fear behavior in young rats. When exposed to an unfamiliar adult male rat, preweaning rat pups freeze, with peak levels on postnatal day 14 and declining levels on day 18. Pups were made anosmic to block olfactory input to the amygdala, and amygdala activation was assessed by quantifying the neuronal marker c-fos. Anosmic pups did not freeze in the presence of the male rat and had decreased c-fos expression in the medial amygdala on day 14 and in the medial and lateral amygdala on day 18. However, the decrease in freezing between days 14 and 18 was not associated with a decrease in c-fos expression in the medial amygdala. The medial and lateral amygdala were then inactivated by local muscimol infusion on day 14. Muscimol infusion into the medial amygdala decreased freezing to the male rat but not to a loud noise, whereas infusion into the lateral amygdala blocked freezing to a loud noise but not to the male. These findings indicate that different nuclei of the amygdala process sensory information of different modalities, mediate unconditioned freezing, and may be involved in developmental changes in the fear response in young rats.
Introduction
Research into the neural basis of emotion has identified the amygdala as an important structure in the circuit that underlies the central state of fear. The amygdala receives multimodal sensory input associated with danger and sends processed signals to other brain areas to generate defensive responses (Blanchard and Blanchard, 1972; Kalin et al., 2001; Etkin et al., 2004) .
Although the role of the amygdala in detecting and responding to threatening stimuli is recognized, the contribution of each nucleus of the amygdala is still unknown. The lateral and basolateral nuclei are thought to be the primary sites for sensory input and the central nucleus the primary site for output (McDonald, 1998; LeDoux, 2000; Sah et al., 2003; Lanuza et al., 2004) . However, recent research has demonstrated that output from the lateral and basolateral amygdala can bypass the central nucleus (Koo et al., 2004) .
Another open question concerns the role of the amygdala in the control of learned and unlearned fear. Fear-related defensive behaviors, for example, freezing, can be elicited in adult rats by unconditioned stimuli such as natural predators (Blanchard and Blanchard, 1971) . Freezing can also be induced by a previously neutral stimulus that has been paired with an aversive stimulus (Fanselow and Gale, 2003) . Whereas it has been established that the lateral, basolateral, and central nuclei are required for the acquisition and expression of conditioned freezing (Muller et al., 1997; Cousens and Otto, 1998; Nader et al., 2001; Gale et al., 2004) , it is still debated which nuclei mediate unconditioned freezing (Vazdarjanova et al., 2001; Wallace and Rosen, 2001; Power and McGaugh, 2002; Choi and Brown, 2003; Fendt et al., 2003; Li et al., 2004) .
Little is also known about the role of the amygdala in mediating fear-related behavior during early life, especially with regard to emotional stimuli that are age specific. For instance, an adult unfamiliar, unrelated male rat is an ecologically relevant threat to preweaning but not weaned rats (Paul and Kupferschmidt, 1975; Mennella and Moltz, 1988) . In previous work, we found that preweaning pups freeze when exposed to an adult male rat whereas slightly older pups do not freeze to an adult male Barr, 1998, 2001a) . Although the function of this decrease in fear-related behavior is likely related to a change in the threat status of adult males (van Schaik and Janson, 2000) , the contribution of the amygdala in mediating these changes is not known.
The aim of this study was to investigate the role played by various nuclei of the amygdala in mediating the unconditioned fear response freezing during early development. Preweaning rat pups were exposed to an adult male rat on postnatal day 14 (P14), when the freezing response peaks, and on P18, when freezing is less pronounced. Pups were made anosmic and the expression of c-fos was used to identify the amygdala nuclei activated by male exposure. These nuclei were then pharmacologically inactivated.
Finally, the two ages were compared to examine the role of the amygdala in developmental changes in unlearned fear.
Materials and Methods
Animals. The Long-Evans hooded rats used in this experiment were housed in standard laboratory cages, which were maintained in a colony room with a temperature of 22-24°C. The animals were given ad libitum access to food and water, and illumination in the room was set to a 12 h light/dark cycle with light onset at 6:00 A.M. Adult males and females were separated after they had mated. The cages of mated females were checked twice daily at ϳ9:00 A.M. and 5:00 P.M., with rat pups found at either time considered to be 0 d of age. A sexually experienced, unfamiliar male rat designated as the stimulus animal was housed in the same room. All tests and treatment procedures were approved by and in accordance with the Institutional Animal Care and Use Committee of Columbia University.
Inducing anosmia. We used zinc sulfate (ZnSO 4 ) to induce anosmia because the nasal infusion of zinc sulfate selectively destroys the olfactory mucosa and, thus, impairs the function of the main olfactory but not the accessory olfactory system in rat pups (Singh et al., 1976; Hofer and Shair, 1991; Shair et al., 1999) . Because zinc sulfate treatment does not seem to have lasting effects, at least in adult rats (Slotnick et al., 2000) , the pups were tested within hours (see below) of zinc sulfate treatment. On the morning of the experiment, male rat pups were randomly selected from the litter to be tested, marked with a nontoxic marker (Sharpie; VWR, Bridgeport, NJ), and lightly anesthetized with methoxyflurane (Schering-Plough, Kenilworth, NJ). Each anesthetized pup had a blunted 30-gauge needle inserted into one nasal cavity, before infusion with either 0.05 ml of a 2.5% zinc sulfate heptahydrate solution (Sigma-Aldrich, St. Louis, MO) or 0.05 ml of a vehicle solution (0.9% saline). The infusion procedure was judged successful only if the injected solution was seen to come out of the other nostril, and a few drops of blue food coloring (McCormick & Company, Hunt Valley, MD) were added to both the zinc sulfate and vehicle solutions to make verification easier. Illness behavior, such as hypoactivity and increased mortality, after zinc sulfate infusion has been reported in adult rats (Sieck and Baumbach, 1974; Mayer and Rosenblatt, 1993; Kolunie and Stern, 1995) and have been explained by toxicity of zinc sulfate entering the stomach (Sieck and Baumbach, 1974; Mayer and Rosenblatt, 1977) . Therefore, a short perforated plastic tube connected to a syringe was inserted into the esophagus before the infusion procedure to prevent any zinc sulfate solution from entering the pup's stomach (Singh et al., 1976) . After infusion, the pups were placed in a holding cage separate from the dam, left on a heating pad, and allowed 4 h of recovery time before behavioral testing commenced. There were no signs of illness and no death occurred among the zinc sulfate-or saline-infused pups.
Verifying anosmia. Six litters of rat pups not used in any other experiment were used to verify anosmia, with three litters tested per age. Zinc sulfate infusion was performed as described above, and every litter used had two zinc sulfate-treated, two vehicle-treated, and two untreated pups. The dam was anesthetized with a 7:3 ketamine/xylazine mix (both from Phoenix Pharmaceuticals, St. Joseph, MO), with 0.025 ml of the mixture administered per 100 g of weight. The dam was then placed on her side in an empty testing cage (26 ϫ 16 ϫ 14 cm) containing home cage bedding, and all six pups were introduced into the cage at the same time. The pups were placed individually on the ventrum of the dam in a random order, and given either five (P14) or 10 min (P18) to attach to a nipple. P18 rat pups were given an additional 5 min to attach, because they were closer to being weaned than rat pups on P14. The behavior of the pups was noted visually, with active nosing around the nipple or actual attachment taken as evidence that the pup in question could still smell (Singh et al., 1976) . In all six trials, the vehicle-treated and untreated pups (but none of the zinc sulfate-treated pups) attached to a nipple, indicating that zinc sulfate infusion was capable of inducing anosmia.
Surgery. On the afternoon of P13, four male pups from each tested litter were randomly selected for surgery. The pups were anesthetized with methoxyflurane and put in a Kopf stereotaxic apparatus (Kopf Instruments, Tujunga, CA). Bilateral burr holes were then drilled 1.9 mm posterior and 2.5 mm lateral to bregma for the medial amygdala, and 2.1 mm posterior and 4.2 mm lateral to bregma for the lateral amygdala. Pups then had 26-gauge guide cannulas inserted to a depth of either 7.8 mm for the medial amygdala or 6.9 mm for the lateral amygdala. The cannulas were secured to the skull with dental cement. The pups were returned to their litters after they had recovered from the anesthesia. The pups gained weight between surgery and testing the next day (P14), which was taken as evidence of suckling and good recovery.
Testing procedures. Rat pups were tested in groups of three to decrease isolation-induced stress. Each group was placed into one compartment of a testing cage. The testing cage (46 ϫ 25 ϫ 21 cm) used in this experiment was divided using a wire-mesh screen positioned in the middle of the cage, resulting in two equal compartments. The compartment containing the pups had soiled bedding collected from the home cage just before the test. The other compartment was left empty. The pups were allowed to acclimate to their new environment for 5 min, before behavioral testing began.
Pups were tested in male-exposed, control, or noise-exposed experimental conditions. In the male-exposed condition, a sexually experienced, unfamiliar and unrelated adult male rat was placed in the empty compartment for 10 min, and freezing behavior of each pup was recorded by scan sampling every 15 s by a rater sitting in front of the cage and blind to the treatment. Freezing was defined as any posture in which the pup did not exhibit any movement except that necessary for respiration, and is expressed in the final analysis as a percentage of the scans. In the control condition, the behavior of the rat pups was noted for 10 min with the other compartment empty. In the noise-exposure condition, a loud noise (130 dB at source) was produced with a personal alarm (Telko, Laguna Hills, CA) held in the other compartment for 15 s and freezing was recorded for 5 min.
In addition, a set of untreated rat pups on P18 was tested in a special male-exposed experimental condition, where they could smell, but not see, the unfamiliar adult male rat. This experiment was performed by using a piece of cardboard to cover the lower parts of the mesh, thus preventing direct line of sight between the pups and the unfamiliar adult male.
For the anosmia experiments, each testing group consisted of one zinc sulfate-treated, one vehicle-treated and one untreated pup. After completion of testing, the pups were placed in a holding cage containing home cage bedding on a heating pad separate from the dam. Two hours later, the pups were killed, and their brains were collected for immunocytochemistry (see below).
For experiments involving cannulated animals, each testing group consisted of two cannulated and one untreated pup. Cannulated pups were infused with 0.2 l of a 2 mg/ml GABA agonist, muscimol, (SigmaAldrich), or 0.2 l of a vehicle solution (0.9% saline). The 30-gauge injection cannula was connected to a 10 l glass syringe (Hamilton, Reno, NV), operated by hand, and was left in the guide cannula for 30 s after the injection to permit maximal diffusion. Injection cannulas for both ages were constructed so that they extended 0.5 mm beyond the tip of the guide cannula. All cannulated pups were subsequently killed, and their brains collected for verification of cannula placement.
Radiolabeling. To assess the extent of muscimol spread within the amygdala, we infused tritium [
3 H]-labeled muscimol at the same dosage and volume as above (0.4 g in 0.2 l; 0.2 Ci). Five minutes after infusion, the rat pups were decapitated and had their brains removed. The brains were frozen on dry ice, sectioned at 30 m in a cryostat, dried by heat dessication and apposed to film (BioMax MR; Sigma-Aldrich) for 14 d. The resulting autoradiograms were analyzed by superimposing them over cresyl violet-stained sections that were adjacent to the sections on the film.
Immunocytochemistry. Two hours after testing, when Fos expression levels were expected to be at a peak (Morgan and Curran, 1991) , the rat pups were removed from the holding cage and given an overdose volume of sodium pentobarbital (Abbott Laboratories, North Chicago, IL). Transcardial perfusion of the pups was performed using a 10% formalin solution (Sigma-Aldrich) as the fixative, and the brains were removed and stored in formalin overnight. The brains were subsequently put in a 30% sucrose buffer for cryoprotection before they were frozen and sec-tioned in a cryostat. Each section was 30 m thick, and six wells of three sections each were collected from the amygdala. Seven sections were skipped between each well. From each well, one section was placed on a microscope slide for cresyl violet staining to locate the brain areas of interest, and two slices were processed immunocytochemically (one as a backup). Sections of male-exposed and control animals were assayed together.
The brain sections were processed using a modified protocol provided by a commercial antibody staining kit (ABC kit; Vectastain Elite; Vector Laboratories, Burlingame, CA), which uses the diaminobenzidineperoxidase method of visualizing antigen-binding sites. The sections were first incubated for 48 h at 4°C in the primary antibody, rabbit anti-Fos (c-fos; H-125; Santa Cruz Biotechnology, Santa Cruz, CA), diluted 1:2000 in PBS with Triton X-100 and 1% normal goat serum. The sections were then rinsed and incubated with the secondary antibody (goat anti-rabbit; Vector Laboratories) for 1 h, and processed using the ABC kit protocol. Stained sections were mounted on gelatin-covered slides, dehydrated in alcohol and xylene, and coverslipped.
Fos data acquisition and analysis. Positive-labeled Fos-like immunoreactive cells were visualized using a microscope [Leitz (Wetzlar, Germany), with a 50ϫ objective] equipped with a drawing tube that provided sufficient magnification to identify all Fos-positive cells. Brain nuclei of the amygdaloid complex were outlined with the cresyl violetstained sections using an atlas of the rat brain (Paxinos and Watson, 1998) , before the Fos-stained sections were superimposed over them. All Fos-positive cells were counted bilaterally in the relevant brain nuclei by a person unaware of the treatment conditions. For a cell to be considered Fos positive, it had to be distinct from the background, regardless of the intensity of the staining. Sections of male-exposed and control animals were matched for corresponding neuroanatomical levels and the mean number of cell counts per brain area was calculated by averaging the counts from all sections of each animal.
Histology. Dissected brains were placed in formalin overnight before they were transferred to a 30% sucrose solution for cryoprotection. Fixed and frozen brains were sectioned coronally at 30 m through the amygdala, mounted on glass slides, stained with cresyl violet, and coverslipped. Cannula placement was determined for each rat using a brain atlas (Paxinos and Watson, 1998) .
Statistical analysis. All data were analyzed by factorial ANOVA, followed by Newman-Keuls tests for post hoc comparisons. Statistical analyses of test conditions were done at a within-group level, whereas comparisons of the two age groups were done at a between-group level.
Results

Freezing to aversive stimuli on P14
The freezing behavior of P14 rat pups (n ϭ 7, where n ϭ number of litters) exposed to an unfamiliar adult male or an empty cage differed across test conditions (ANOVA; F (5, 30) ϭ 41.0; p Ͻ 0.001). Untreated and vehicle-treated pups exposed to the male froze significantly more than untreated and vehicle-treated pups in the control test condition (Newman-Keuls; p Ͻ 0.001). In contrast, zinc sulfate-treated pups froze significantly less than untreated and vehicle-treated pups when they were exposed to the male ( p Ͻ 0.001). There was no significant difference in freezing behavior between zinc sulfate-treated pups exposed to the male and zinc sulfate-treated control pups (Fig. 1) . To ensure that the infusion procedure had not interfered with the pup's ability to freeze, a separate set of P14 pups (n ϭ 7) was exposed to a loud noise. There were no significant differences in the levels of freezing across untreated, vehicle-treated, and zinc sulfatetreated pups (Fig. 1) .
Fos expression in the amygdala on P14
Fos expression was quantified in four nuclei (lateral, basolateral, medial, and central) of the amygdala in vehicle and zinc sulfatetreated rat pups (n ϭ 7) that were control or male-exposed. A main effect for test conditions was found for the medial amygdala (F (3,18) ϭ 14.8; p Ͻ 0.001) but not for the lateral, basolateral, or central amygdala. In vehicle-treated animals, male exposure significantly increased the number of Fos-positive cells in the medial amygdala compared with control exposure ( p Ͻ 0.01). In contrast, zinc sulfate-treated pups exposed to the male had significantly reduced Fos expression in the medial amygdala compared with vehicle-treated pups exposed to the male ( p Ͻ 0.001). There was no significant difference in the number of Fos-positive cells when zinc sulfate male-exposed and zinc sulfate control-exposed pups were compared ( Fig. 2A) . Examples of the distribution of Fospositive cells in the amygdala on P14 are displayed in Figure 2B .
Freezing behavior after medial amygdala inactivation on P14
Because male exposure activated only the medial amygdala, we inactivated this nucleus with a local infusion of muscimol and subsequently exposed pups to an unfamiliar adult male. All pups used in this experiment had cannula tips located within the medial amygdala (Fig. 3A) , with pups from four litters excluded because the cannula tips were located outside the medial amygdala. We also assessed muscimol spread by using tritium ( 3 H)-labeled muscimol and found that a radioactive signal was detectable at a maximum radius of 0.5 mm from the cannula tip in the medial amygdala (Fig. 4) .
The freezing behavior of P14 rat pups (n ϭ 8) differed significantly across test conditions (F (5,35) ϭ 37.5; p Ͻ 0.001). Untreated and vehicle-treated rat pups froze significantly more when exposed to the male, compared with the untreated and vehicle-treated pups in the control test condition ( p Ͻ 0.001). In contrast, muscimol-treated pups exposed to the male froze significantly less when compared with untreated and vehicle-treated pups exposed to the male ( p Ͻ 0.001). There were no significant differences in freezing when the behavior of muscimol-treated pups exposed to the male was compared with the behavior of untreated and vehicle-treated pups in the control condition (Fig. 3B) .
Because inactivation of the medial amygdala could affect the ability or motivation of rat pups to freeze, pups (n ϭ 6) not used in any other experiment were exposed to an aversive stimulus (a loud noise) of a different sensory modality. There were no differences in freezing behavior, when untreated, vehicle-treated, and muscimol-treated pups were exposed to a loud noise (Fig. 3B) . Threat induced freezing in P14 rats. Rats were exposed to an empty cage (control exposed), an unfamiliar adult male rat (male exposed), or a loud noise (noise exposed; n ϭ 7; mean Ϯ SE). Vehicle, Vehicle treated; ZnSO, zinc sulfate treated. ***p Ͻ 0.001, significantly different from untreated and vehicle-treated exposed to the male.
Freezing behavior after lateral amygdala inactivation on P14
To determine whether the medial amygdala selectively mediates male-induced freezing, the lateral amygdala was inactivated. All rat pups used in this experiment had cannula tips located within the lateral amygdala (Fig. 3C) , with pups from three litters excluded because the cannula tips were located outside the lateral amygdala.
The freezing behavior of P14 rat pups cannulated in the lateral amygdala (n ϭ 7) differed significantly across test conditions (F (5,30) ϭ 34.6; p Ͻ 0.001), with untreated, vehicle-treated, and muscimol-treated pups exposed to the male freezing significantly more than untreated, vehicle-treated, and muscimol infused pups in the control test condition ( p Ͻ 0.001). There were no significant differences in freezing when untreated, vehicle-treated and muscimoltreated animals in the male or control test conditions were compared (Fig. 3D) .
When pups cannulated in the lateral amygdala (n ϭ 7) were exposed to a loud noise, freezing behavior differed across tests conditions (F (2,12) ϭ 5.1; p Ͻ 0.05). Muscimol-treated pups froze significantly less compared with untreated and vehicletreated rats when they were exposed to a loud noise ( p Ͻ 0.05), whereas the freezing behavior of untreated and vehicletreated pups did not differ (Fig. 3D ).
Freezing to aversive stimuli on P18
Next, we examined freezing behavior in response to the adult male rat in slightly older rat pups. Freezing behavior differed significantly across testing conditions when P18 rats were exposed to the adult male rat compared with controls (F (5, 30) ϭ 14.1; p Ͻ 0.001), with untreated and vehicle-treated rat pups exposed to the male freezing significantly more than untreated and vehicle-treated pups from the control condition ( p Ͻ 0.001). Within the male-exposed group, zinc sulfate-treated pups froze significantly less than untreated and vehicle-treated pups ( p Ͻ 0.001). The freezing behavior of zinc sulfate-treated pups exposed to the male did not differ from pups in the control test condition (Fig. 5) . The freezing levels of P18 pups (n ϭ 6) exposed to a loud noise also did not differ between the untreated, vehicle-treated, or zinc sulfate-treated animals (Fig. 5) .
Because rat pups open their eyes around postnatal day 15 (Alberts, 1984) , we investigated whether freezing on P18 depended on visual cues. P18 pups (n ϭ 8) were exposed to the adult male rat placed behind an opaque screen. The freezing levels of pups exposed to a male behind an opaque screen or the wire mesh screen were compared (data not shown). There was a main effect for test condition (F (1,13) ϭ 57.4; p Ͻ 0.001) but not for screen type, and no interaction was found for testing condition and screen type.
Fos expression in the amygdala on P18
Fos expression on P18 was quantified in the four nuclei of the amygdala of vehicle-and zinc sulfate-treated rat pups (n ϭ 7) Figure 2 . Anosmia prevents male-induced c-fos expression in medial amygdala of P14 rats. A, Number of Fos-positive nuclei in nuclei of the amygdala of vehicle-treated and zinc sulfate-treated pups exposed to the male or control exposed (n ϭ 7; mean Ϯ SE). Vh, Vehicle treated; ZnSO, zinc sulfate treated. **p Ͻ 0.01, significantly different from vehicle-treated control exposed. B, Photomicrographs of Fos expression in the amygdala. Arrow indicates medial amygdala. For anatomical boundaries of the nuclei, see Figure 3A . Scale bar, 1 mm. Figure 3 . Inactivation of nuclei of the amygdala reduces threat-induced freezing in P14 rats. A, Cannula tip placement for animals of the medial amygdala group. Open circles represent the location of cannula tips in rats infused with vehicle, and closed circles represent the location of cannula tips in rats infused with muscimol. Numbers indicate the distance in millimeters from the bregma. L, Lateral nucleus; BL, basolateral nucleus; C, central nucleus; M, medial nucleus. B, Freezing (mean Ϯ SE) of rats cannulated in the medial amygdala exposed to an empty cage, an unfamiliar adult male rat (n ϭ 8), or a loud noise (n ϭ 6). ***p Ͻ 0.001, significantly different from untreated and vehicle-treated exposed to the male. C, Cannula tip placement for animals of the lateral amygdala group. Open circles represent the location of cannula tips in rats infused with vehicle, and closed circles represent the location of cannula tips in rats infused with muscimol. D, Freezing of rats cannulated in the lateral amygdala exposed to an empty cage, an unfamiliar adult male rat, or a loud noise (mean Ϯ SE; n ϭ 7). *p Ͻ 0.05, significantly different from untreated and vehicle-treated exposed to noise. exposed to the male or the control. A main effect for test conditions was found for the medial amygdala (F (3,18) ϭ 20.5; p Ͻ 0.001). In vehicle-treated pups, male exposure significantly increased the number of Fos-positive cells in the medial amygdala, compared with pups in the control test condition ( p Ͻ 0.001). In contrast, zinc sulfate-treated pups exposed to the adult male rat had significantly reduced number of cells in the medial amygdala, compared with vehicle-treated pups exposed to the same male ( p Ͻ 0.001). No significant differences in Fos levels in the medial amygdala were found when zinc sulfate-treated pups exposed to the unfamiliar male were compared with control pups (Fig. 6 A) .
Unlike P14 pups, significant differences in the number of Fospositive cells on P18 were also detected in the lateral amygdala (F (3,18) ϭ 5.7; p Ͻ 0.01). Vehicle-treated pups exposed to the male had significantly more Fos-positive cells than vehicle-treated control animals ( p Ͻ 0.01). In contrast, the zinc sulfate-treated rats exposed to the male did not differ from controls and also had significantly less Fos-positive cells than the vehicle-treated pups exposed to the male ( p Ͻ 0.01) (Fig. 6A) . The distribution of Fos-positive cells in the amygdala on P18 is displayed in Figure 6B .
Differences between P14 and P18
During development, a stimulus may lose its property to induce a defensive response. Rat pups display high levels of freezing to an adult male on P14 but no longer freeze in response to a male on postnatal day 26 Barr, 1998, 2001a) . To determine the developmental changes in fear-related behavior, we compared freezing levels in response to the male and a loud noise on P14 and P18 in untreated and vehicle-treated animals (Figs. 1, 5 ).
There were main effects for age (untreated, F (1,12) ϭ 29.7, p Ͻ 0.001; vehicle, F (1,12) ϭ 12.4, p Ͻ 0.01) and exposure condition (untreated, F (1,12) ϭ 186.3, p Ͻ 0.001; vehicle, F (1,12) ϭ 77.2, p Ͻ 0.001), and a significant interaction (untreated, F (1,12) ϭ 14.0, p Ͻ 0.01; vehicle, F (1,12) ϭ 10.7, p Ͻ 0.01). Male-exposed rats froze significantly less on day 18 than on day 14 ( p Ͻ 0.001). However, freezing levels to a loud noise did not differ between P14 and P18 in untreated and vehicle-treated pups.
To examine this age-dependent decrease in freezing in the context of amygdala activation, the number of Fos-positive cells in the medial amygdala was compared between the two age groups in vehicle-treated rats (Figs. 2 A, 6A) . Although there were main effects for age (F (1,12) ϭ 23.8; p Ͻ 0.001) and exposure condition (F (1,12) ϭ 21.8; p Ͻ 0.001), no interaction between these two variables was found. This indicates that although the number of Fos-positive cells was higher in both control and maleexposed animals on P18 as compared with P14, the difference between controls and male exposed animals was similar at the two ages. In other words, decreased freezing in response to a male rat on P18 was not associated with decreased Fos expression in the medial amygdala.
Discussion
Our data demonstrate that different nuclei of the amygdala play distinct roles in mediating an unconditioned fear response to threat in young rats; the medial amygdala mediates freezing to olfactory cues from a potentially infanticidal adult male rat, whereas the lateral amygdala mediates freezing to a loud noise. However, although freezing to a loud noise did not change between P14 and P18, freezing to the male decreased in P18 pups, demonstrating that unconditioned fear responses can undergo age-related and stimulus-specific changes.
Anosmic pups did not freeze in the presence of the adult male rat, indicating that pups use odor cues to detect this potential threat. Because adult rats also freeze when exposed to odors of various predator species (Wallace and Rosen, 2000; Vazdarjanova et al., 2001; de Paula et al., 2005) , our findings suggest that this reliance on olfactory cues to sense danger extends throughout a rat's life. Olfactory information is conveyed from the olfactory bulb through dense, direct connections to the medial amygdala and through indirect, light projections to the lateral and central amygdala (Scalia and Winans, 1975; McDonald, 1998; Sah et al., 2003) . Male exposure increased c-fos expression in vehicle-treated but not in zinc sulfate-treated pups in the medial amygdala on P14 and in the medial and lateral amygdala on P18. Although the medial amygdala has been implicated in the detection of pheromones via the accessory olfactory system (Meredith, 1998; , the involvement of the accessory olfactory system in the processing of male odor seems unlikely because zinc sulfate selectively damages the main olfactory system in rat pups (Singh et al., 1976) . However, because the main olfactory system can process pheromones as well (Johnston, 1998) , it cannot be excluded that chemosignals emitted by the male include pheromones.
Exposure to predator odors has recently been used to investi- . Threat induced freezing in P18 rats. Rats were exposed to an empty cage, an unfamiliar adult male rat (n ϭ 7), or a loud noise (n ϭ 6; mean Ϯ SE). Vehicle, Vehicle treated; ZnSO, zinc sulfate treated. ***p Ͻ 0.001, significantly different from untreated and vehicletreated exposed to the male.
gate the neural basis of unlearned fear in adult rats (Canteras, 2002; Rosen, 2004) . Exposure to cat odor induced c-fos expression in the posterior subdivision of the medial amygdala but not in the lateral, basolateral, or central amygdala Figueiredo et al., 2003; McGregor et al., 2004) . We did not distinguish between anterior and posterior subdivisions of the medial amygdala and further investigation is needed to determine whether exposure to odor of a dangerous conspecific, the male rat, activates the same amygdala subdivisions in young rats as exposure to heterospecific predators does in adult rats.
In a previous study, male exposure induced c-fos expression in the lateral amygdala on P14 (Wiedenmayer and Barr, 2001b) . This discrepancy could be explained by differences in the experimental protocols used, because pups in the present study were kept in a holding cage separate from the dam after exposure, whereas pups from our previous study were returned to their home cage immediately after exposure. The presence of conspecifics can diminish the consequences of an aversive experience. c-fos expression patterns in limbic areas including the amygdala were altered in adult rats when they were housed in groups instead of individually during chronic stress exposure (Westenbroek et al., 2003) . Accordingly, the presence of the dam could have affected subsequent patterns of c-fos expression in the pups. The mechanisms of how social variables alter an individual's experience of fear merit further investigation.
Although Fos expression indicates that the amygdala plays a role in the detection of aversive stimuli, it does not necessarily indicate that the amygdala is involved in mediating the resultant behavioral response (Holahan and White, 2004) . Therefore, to demonstrate a direct relationship between amygdala activation and freezing, we temporarily inactivated the medial and lateral amygdala in 14-d-old rats with muscimol, a GABA agonist (Andrews and Johnston, 1979) , and with tritiated muscimol investigated how far the drug spread. In agreement with similar studies using autoradiography in adult rats (Martin, 1991; Edeline et al., 1999) , we found that the spread of muscimol was limited to the infused nucleus. We also found that inactivation of the medial amygdala suppressed freezing to the adult male, but not to a loud noise. Therefore, inactivating the medial amygdala did not interfere with the pups' ability to execute the freezing response, but rather, the pups' ability to perceive the adult male as a threat. In contrast, lateral amygdala inactivation had no effect on maleinduced freezing but suppressed freezing to a loud noise. These findings strongly suggest that the medial and lateral amygdala process aversive stimuli of different sensory modalities, whereas other structures may generate the actual freezing response. One such area that controls defensive behavior and receives amygdala projections is the periaqueductal gray in the midbrain (Bandler and Shipley, 1994) . We have demonstrated previously that maleinduced levels of c-fos expression in the periaqueductal gray correlate with freezing and that periaqueductal gray lesion decreased levels of freezing on P14 (Wiedenmayer et al., 2000; Wiedenmayer and Barr, 2001b) .
The majority of studies that have examined the role of different nuclei of the amygdala in unconditioned fear-related behavior have exposed adult rats to predator cues. Electrolytic lesion encompassing all nuclei of the amygdala decreased freezing to a cat (Blanchard and Blanchard, 1972) . Neurotoxic lesions of the lateral amygdala that spared fibers of passage did not affect freezing to trimethylthiazoline (TMT), a component of fox feces (Wallace and Rosen, 2001 ). In a similar study, muscimol inactivation of the lateral and central amygdala also did not affect TMT induced freezing (Fendt et al., 2003) . However, the exact role of the lateral and basolateral amygdala in unconditioned freezing remains controversial, because another study has shown that both temporary inactivation and neurotoxic lesions of the lateral and basolateral amygdala suppressed freezing to a ball of cat hair (Vazdarjanova et al., 2001) . In contrast, the medial amygdala appears to be necessary in odor-induced unconditioned freezing because neurotoxic lesion diminished freezing in response to cat odor (Li et al., 2004) . Therefore, convergent findings indicate that the medial amygdala mediates the expression of unconditioned fear responses to olfactory stimuli in both young and adult rats. In the present study, although the freezing levels in response to an adult male rat changed between P14 and P18, there were no changes in freezing levels with regard to a loud noise. The decrease in unconditioned freezing to an adult male rat parallels changes in infanticidal threat imposed by the male (Wiedenmayer and Barr, 1998) and are in opposite direction to freezing to cat odor, which signals threat throughout development (Hubbard et al., 2004; Wiedenmayer et al., 2005) . Young rat thus possess an innate competence to respond appropriately to the levels of actual threat. The age-dependent decrease in freezing could indicate a decreased state of fear and could be mediated by changes in the neural substrate underlying this behavior.
Visual detection of the male by pups on P18 may have modulated olfactory input into the amygdala and resulted in decreased freezing. Visual input could also explain the increase in lateral amygdala c-fos expression on P18, because visual information is processed in the lateral nucleus (McDonald, 1998) . However, anosmic pups on P18 had decreased c-fos expression in the lateral amygdala, and pups that were exposed to the adult male behind an opaque screen still froze, indicating that visual cues Figure 6 . Anosmia prevents male-induced c-fos expression in lateral and medial amygdala of P18 rats. A, Number of Fospositive nuclei in nuclei of the amygdala of vehicle-treated and zinc sulfate-treated pups exposed to the male-or control-exposed condition (n ϭ 7; mean Ϯ SE). Vh, Vehicle treated; ZnSO, zinc sulfate treated. **p Ͻ 0.01; ***p Ͻ 0.001, significantly different from vehicle-treated control exposed. B, Photomicrographs of Fos expression in the amygdala. Arrows indicate the lateral and medial amygdala. For anatomical boundaries of the nuclei, see Figure 3A . Scale bar, 1 mm.
from the male are unlikely to play a role in modulating freezing at that age.
Structures, such as the prefrontal cortex, that send direct inhibitory projections to the amygdala (Paré et al., 2004) could modulate freezing by exerting inhibitory control on subcortical and midbrain regions. However, a comparison of c-fos levels in the medial amygdala between P14 and P18 argues against a direct inhibition of this nucleus by another structure because the relative number of male-induced Fos-positive cells was the same at both ages. Alternatively, inhibitory structures may exert their effects on areas involved in freezing downstream of the amygdala, for example at the level of the periaqueductal gray (Keay and Bandler, 2001) .
Finally, maturational processes within the amygdala itself could contribute to the changes in male-induced freezing. The increased number of Fos-positive cells on P18 could indicate changes in synaptic connections within or between nuclei. Dense projections interconnect amygdala nuclei (Pitkänen, 2000) and form intrinsic inhibitory and excitatory networks (Paré et al., 2003) . It is possible that amygdala nuclei could process cues from the adult male differently depending on age, resulting in altered output function and, hence, freezing levels. Male induced activation of the lateral amygdala on P18 but not P14 supports this hypothesis. It is also possible that changes in the central amygdala underlie the changing levels of freezing, because the central nucleus can modulate fear and stress responses by gating synaptic output (Kang-Park et al., 2004; Day et al., 2005; Huber et al., 2005) . However, its role in decreasing male-induced freezing in young rats is questionable, because central amygdala lesions do not reduce freezing to cat odor in adult rats (Li et al., 2004) .
In summary, our findings suggest that young rats have the ability to exhibit unlearned fear-related behavior in response to threatening stimuli and that this competence is mediated by specific nuclei of the amygdala.
